INTRODUCTION
Neovascular age-related macular degeneration (AMD), characterised by the presence of choroidal neovascularisation (CNV), is a leading cause of vision loss. 1 The detection of CNV is dependent on the use of an intravenous contrast agent, most commonly fluorescein angiography (FA) and less frequently indocyanine green angiography (ICGA). 2 Both contrast agents are associated with adverse side effects, including anaphylaxis. 3 Optical coherence tomography (OCT) provides non-invasive high-resolution images of retinal microstructure and is used to identify exudation associated with CNV. The current management of neovascular AMD uses FA to confirm the presence of CNV while OCT is needed to guide treatment decisions and assess anatomical changes associated with visual potential. [4] [5] [6] Historically, different subtypes of CNV have been defined using FA. Classic CNV is characterised by early hyperfluoresence in a lacy pattern that exhibits expanding areas of increased hyperfluorescence over time. In general, early frames of the FA allow visualisation of CNV tissue and the boundaries of these lesions are well defined, unless obscured by subretinal haemorrhage, which can block fluorescence. An occult CNV, in contrast to classic CNV, has ill-defined boundaries and hyperfluorescence often develops in the later minutes of the angiogram. Occult CNVs are often described as either fibrovascular pigment epithelial detachment (FVPED) or late leakage from undetermined source (LLUS). 7 Optical coherence tomographic angiography (OCTA) is a novel, non-invasive technique that produces three-dimensional (3D) vascular maps at the microcirculation level. Our group developed the split-spectrum amplitude-decorrelation angiography (SSADA) algorithm, a technique using intensitybased variation over time to identify and quantify blood flow.
8 SSADA processing can be implemented on spectral-domain (SD) systems without any special hardware modifications. Detection of CNV with SSADA has been reported in AMD, central serous chorioretinopathy and myopia. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Without the need of dye, this optical imaging method, OCTA, was hypothesised to provide improved visualisation of CNV. In this manuscript, we compare OCTA with FA in cases where CNV is ill defined with FA, including various types of occult CNV.
METHODS
Study participants were recruited from the retina clinics of Casey Eye Institute, Oregon Health & Science University (OHSU), Portland, Oregon, USA. Informed consent was obtained to undergo OCTA using off-label use of an RTVue-XR Avanti SD-OCT system (Optovue, Fremont, California, USA). The study was planned and conducted in accordance to the principles governing clinical research as set out by the Institutional Review Board at OHSU and the Declaration of Helsinki.
Cases were selected in a retrospective manner by retina specialists (STB and MM) who reviewed the medical records and images of study participants who previously underwent FA and OCTA on the same day between July 2013 and January 2015. FA was obtained with the FF4 fundus camera (Zeiss). Cases were selected if they had ill-defined CNV based on FA.
OCTA scans were obtained using 840 nm SD-OCT (70 000 A-scans/s) acquiring both 3×3 and 6×6 mm scans. Flow was detected with the SSADA algorithm on both systems as previously described, 8 17 19 and motion artefact was removed by 3D orthogonal registration and merging of four scans. 20 21 Cases with poor signal strength or excessive motion artefact were excluded. Angiograms were exported for custom processing at the Casey Reading Center. Volumetric angiograms were semiautomatically segmented into three layers allowing for separate angiograms of the inner retina, outer retina (location of CNV) and choroid. 18 Shadowgraphic projection artefacts were removed with a slab-subtraction method, reducing inner retinal projection onto the outer retinal angiogram. 9 17 En face composite angiograms were created, where the inner retinal and outer retinal angiograms were assigned a different colour. The colour-coded angiograms were superimposed on a grey-scale, cross-sectional, structural OCT image to demonstrate blood flow and structural information. The CNV vessel area was calculated by summing pixels with detectable flow in the en face outer retinal angiogram. 17 The Mann-Whitney U test was used to compare the mean CNV vessel area in different subgroups and statistical significance was assumed at p<0.05. Individual cases were analysed with FA and OCTA in a descriptive manner. Images with FA were described as either LLUS or FVPED by the two retinal specialists (STB and MM). The cross-sectional OCTA with both structural and flow information combined was used to classify CNV as above the retinal pigment epithelium (RPE) (type 2) or beneath RPE (type 1). 7 Three individual cases are discussed comparing and contrasting images with FA and OCTA.
RESULTS
Eleven cases of ill-defined CNV on FA were identified from 10 study participants. The mean age of the participants was 74.5 ±6.8 years. Six cases had LLUS and five had FVPED. Combining cross-sectional structural OCT with OCT angiograms, all cases were found to have type 1 CNV that corresponded to occult CNV with FA. In all cases of occult CNV on FA, distinct vascular structures were visible with OCTA in the outer retinal/RPE slab. Sample case descriptions Sample case 1: FVPED visualised by SD-OCTA (study subject no 5)
A 76-year old male, with a visual acuity of 20/20, was diagnosed with an occult CNV with FA. He was asymptomatic and there was no fluid on structural OCT and he was monitored without treatment for one year. His visual acuity did not change; however, he developed mild metamorphopsia. On the day of OCTA testing, FVPED was present on FA ( figure 1A, D) . En face SD-OCT angiogram of inner retinal slab and outer retinal slab demonstrated CNV with well-defined boundaries (figure 1B, C, E) correlating to vague area staining and leakage with FA. The CNV vessel calibre appeared larger than primary retinal vessels. The cross-sectional colour overlay demonstrated type 1 CNV (figure 1F).
Sample case 2: LLUS visualised by SD-OCTA (study subject no 6)
A 73-year-old woman noticed vision loss in her left eye (table 1) . Visual acuity was 20/30. Drusen, RPE changes and no haemorrhage were noted on clinical examination (figure 2A figure 2B, C) . En face SD-OCTA of 6×6 mm with colour coding of the inner retina and outer retina demonstrated CNV with a network of vessels extending inferior and nasal to the fovea ( figure 2D ) in the same region of LLUS on FA. This CNV had thin fine vessels arranged in multiple hairpin loop configurations. The combination of cross-sectional structural OCT and OCTA demonstrated type 1 CNV associated with two small pigment epithelial detachments (PEDs) and subretinal fluid (SRF).
Sample case 3: CNV adjacent to serous PED (study subject no 9)
A 77-year-old man experienced decreased vision and distortion in the left eye (table 1) . Visual acuity was 20/25 in the left eye and a serous PED with SRF was noted on clinical examination ( figure 3A) . FA revealed a region of stippled hyperfluorescence adjacent to the serous PED ( figure 3B, C) . En face SD-OCTA demonstrated CNV adjacent to serous PED ( figure 3D ). No CNV flow was detected within the serous PED. The crosssectional structural OCT with flow overlay demonstrated type 1 CNV with several branches extending into the base of the serous PED ( figure 3E ).
DISCUSSION
In this small series of ill-defined occult CNV with FA, CNV vascular networks could be visualised with OCTA. One limitation of FA is that the RPE blocks fluorescence derived from occult CNV. OCTA does not rely on patterns of fluorescein leakage, instead the 3D volumetric angiograms detect CNV as areas of decorrelation (or flow) in the outer retina, a region devoid of blood flow in healthy eyes. The en face presentation of the volumetric angiogram allows simultaneous visualisation of inner retinal and outer retinal blood flow and, in many cases, CNV branches can readily be distinguished from normal inner retinal circulation. Colour coding the segmented inner retinal and outer retinal slabs helps with CNV identification and localisation.
A unique feature of OCTA compared with FA and ICGA is the ability to present functional blood flow information along with cross-sectional structural OCT. This allows the assessment of relationship of CNV with retinal anatomy in addition to depth-resolved CNV localisation. CNV has been classified histologically by the relationship of CNV with RPE. 7 OCTA combined with structural OCT allows for in vivo CNV blood flow to be characterised as above or below RPE. In our small series of occult CNV, CNV was identified beneath RPE, consistent with type 1 CNV (table 1). No type 2 or type 3 lesions were found in our series of occult CNV.
In 1984, Gass 22 described a series of cases and histological evidence that serous PED with a 'notch sign' with FA was evidence of a hidden occult CNV. He commented that the new vessel formation 'may or may not be evident angiographically'. 7 In sample case 3 (case no 9 on table 1), FA revealed notched serous PED, with late leakage present in the region of the notch. With OCTA, a type 1 CNV was detected in the region of the notch with branches extending into the serous PED, as Gass postulated.
The detection of CNV by OCTA can be affected by projection artefact and segmentation errors. Projection artefact occurs because moving red blood cells in the superficial vascular structures cast fluctuating shadows into the deeper layers. These shadows vary in amplitude resulting in an artefact decorrelation signal that can be misinterpreted as presence of vessels. 17 23 RPE has a strong reflectance signal and often inner retinal vessels project onto this layer. Type 1 CNV is closely associated with RPE and it is important to distinguish CNV from projection artefacts, and not to include projection artefacts in CNV vessel area measurements. In our recent work, 9 17 the flow projection artefact was suppressed with a slab-subtraction algorithm, which means the vascular pattern of inner retinal circulation can be subtracted from the outer retinal slab. An additional saliency-based algorithm 24 is further needed to completely remove the background clutter by recognising its scattered and disconnected texture.
Segmentation errors occur when pathology disrupts normal anatomical landmarks. Accurate segmentation is important because CNV is distinguished from retinal and choroidal circulation based on depth. In all of the cases in this series, image processing included some degree of manual segmentation to ensure accurate segmentation and manual contouring of CNV vessel area measurements. Manual processing is time-consuming and may be difficult to employ in busy clinical settings. Recently published software improvement using directional graph search segmentation 18 has shown promise to reduce errors and shorten correction times.
CNV vessel area could be determined for all cases of occult CNV, including both FVPED and LLUS. Change in CNV size with ICGA has been reported to be useful in evaluating treatment response with an anti-vascular endothelial growth factor therapy. 25 OCTA-based CNV vessel area calculations may provide a non-invasive way to monitor CNV size while undergoing treatment. 26 In sample case 2 (case 6 on table 1) on table 1), after a single treatment with bevacizumab, the CNV vessel area decreased from 2.56 to 1.54 mm 2 and peripheral CNV branches disappeared. A choriocapillaris angiogram demonstrated a relatively confluent signal with a region of reduced signal (flow) identified both underneath and adjacent to the CNV tissue and after treatment some, but not all, of the choriocapillaris flow appeared to return. Others have noted the reduced choriocapillaris perfusion adjacent to CNV. 10 27 In this case, the choriocapillaris flow appeared to improve after treatment was given. A steal phenomenon has been proposed to explain observed changes in choriocapillaris flow in the setting of CNV: flow from choriocapillaris is shunted to CNV, so as CNV vascular channels get shut down due to treatment, choriocapillaris flow subsequently returns. An alternative explanation is, as SRF resolves and retinal thickness is reduced with treatment, the OCT signal at the choriocapillaris improves and choriocapillaris is better visualised.
In this small study, we selected a variety of clinical cases of ill-defined CNV on FA. In these cases, OCTA allowed discrimination of CNV boundaries and depth, along with en face localisation. This study is limited by its small sample size, and its retrospective and descriptive nature. Given these limitations, conclusions comparing FA and OCTA are limited. However, this study supports the role of OCTA and provides insight contrasting the differences between OCTA and FA. Compared with FA, OCTA has several known attributes that are favourable, including faster acquisition time and the avoidance of possible complications with an invasive intravenous dye. Therefore, large-scale validation studies are needed to further define the role of OCTA in ill-defined CNV on FA in the clinical setting.
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